Introduction
============

Endothelial progenitor cells (EPCs) are a subset of mononuclear cells derived from bone marrow that have the ability to differentiate into mature endothelial cells. As such, EPCs have been identified as an important contributor to endogenous vascular repair by participating in new vessel formation and endothelial regeneration.^[@b1]^ Patients with hypertension, coronary artery disease, chronic renal failure, diabetes, sepsis, and rheumatoid arthritis exhibit decreased numbers of circulating EPCs.^[@b1]--[@b8]^ Moreover, EPCs isolated from patients with coronary artery disease and hypertension display an impaired migratory response.^[@b2]--[@b3]^ The decline in circulating EPC number can be attributed to increased apoptosis and senescence in addition to reduced growth and migration from bone marrow. Diminished nitric oxide (NO) bioavailability reduces the mobilization of EPCs, thus impairing endogenous vascular repair mechanisms.^[@b9]--[@b10]^ However, increased NO levels can be stimulated by a variety of factors, such as statins, red wine intake, and physical exercise, leading to enhanced EPC mobility and functional activity.^[@b1],[@b3],[@b11]--[@b13]^ Elevated endothelial NO synthase (eNOS) expression is also linked to improved EPC migratory capacity in vitro.^[@b10]^ Indeed, eNOS was found to be essential to maintain adequate EPC mobilization on stimulation with statins or vascular endothelial growth factor (VEGF).^[@b11],[@b14]^ Pharmacological enhancement of eNOS expression partially reversed the impaired functional activity of EPCs from ischemic cardiomyopathy patients, implicating the critical role of NO for EPC function.^[@b12]^ These findings highly suggest that eNOS‐derived NO serves as a physiological regulator of EPC mobilization and function.

Kallistatin is a plasma protein and tissue kallikrein inhibitor that is widely distributed in tissues relevant to cardiovascular function, including kidneys, heart, and blood vessels.^[@b15]--[@b19]^ We have demonstrated that kallistatin exhibits pleiotropic effects by reducing hypertension, inflammation, apoptosis, oxidative stress, angiogenesis, hypertrophy, and fibrosis in animal models and cultured cells.^[@b20]--[@b27]^ Kallistatin gene delivery improved cardiac and renal function; decreased oxidative stress, apoptosis, and tissue remodeling; and increased eNOS activation and NO formation in rat models of cardiac ischemia and reperfusion, myocardial infarction, and salt‐induced kidney damage.^[@b22]--[@b24],[@b26]^ In cultured endothelial cells, recombinant human kallistatin inhibited vascular inflammation, apoptosis, and oxidative stress via stimulation of eNOS expression and activity as well as NO production.^[@b25]--[@b26]^ Collectively, these results indicate that kallistatin is a vascular protective agent by decreasing apoptosis and oxidative stress and promoting NO formation in endothelial cells. Because of the significant role of EPCs in vascular repair, we investigated kallistatin\'s protective actions against vascular injury by examining its effect on endothelial cell loss and circulating EPC levels using the deoxycorticosterone acetate (DOCA)‐salt hypertensive rat model. We chose this animal model for our studies because these rats exhibit aortic oxidative stress and glomerular capillary loss, both of which are indicative of vascular injury.^[@b26],[@b28]--[@b29]^ Furthermore, we elucidated the signaling mechanisms and the pivotal role of NO in mediating kallistatin\'s regulatory effects on EPC mobility, viability, adhesion, and tube formation in vitro.

Material and Methods
====================

Animal Treatment
----------------

All procedures complied with the standard for care and use of animal subjects as stated in the *Guide for the Care and Use of Laboratory Animals* (Institute of Laboratory Resources, National Academy of Sciences, Bethesda, MD).^[@b30]^ The protocols for animal studies were approved by the institutional animal care and use committee of the Medical University of South Carolina. Male Wistar rats (Harlan Sprague Dawley Inc), weighing 200 to 220 g, were anesthetized with an intraperitoneal injection of pentobarbital sodium (50 mg/kg) before undergoing left unilateral nephrectomy. One week after surgery, rats in the sham operation group (n=6) received weekly subcutaneous injections of sesame oil and were provided with tap water. Experimental animals received weekly subcutaneous injections of DOCA (25 mg/kg body weight) suspended in sesame oil and were provided with 1% NaCl drinking water. Two weeks after the initiation of DOCA‐salt treatment, rats were injected intravenously via tail vein with control adenovirus (Ad.Null) or adenovirus containing human kallistatin (Ad.KS) (1×10^10^ plaque‐forming units, n=6 to 8).^[@b26]^ In another study, DOCA‐salt rats received daily intravenous injection of antibody against rat kallistatin or normal IgG (0.5 mg per rat, n=6 to 8).^[@b29]^ Kidneys and peripheral blood were harvested 2 weeks after gene delivery or 10 days after the start of antibody injection, as previously described.^[@b26],[@b29]^

Flow Cytometry Analysis of Circulating EPCs
-------------------------------------------

Fluorescence‐activated cell analysis was performed to determine the number of CD133^+^ EPCs in peripheral blood from sham and DOCA‐salt rats. Briefly, peripheral blood was incubated with a fluorescein isothiocyanate (FITC)‐conjugated CD133 antibody (Beckman Coulter, Fullerton, CA). FITC‐labeled anti‐CD45 antibody (BD Biosciences, San Jose, CA) was used for differential gating during flow analysis. FITC‐labeled IgG1a (Beckman Coulter) and phycoerythrin‐labeled IgG2b (Becton Dickinson, Franklin Lakes, NJ) served as the control for color compensation. Analysis was performed with an automated fluorescence‐activated cell counter (Beckman Coulter) in which 1 000 000 events were counted. The absolute cell counts of all measured components per 1 000 000 events in the lymphocyte gate were calculated.^[@b31]^

Immunohistochemical Staining for Capillary Density
--------------------------------------------------

Kidneys were fixed in a formaldehyde solution and then dehydrated and embedded. Immunohistochemistry was performed by incubating renal tissue sections (4 μm thick) with a primary antibody against the endothelial cell marker JG‐12 at 4°C overnight. Glomerular capillary density was calculated as the number of capillaries per square millimeter in 10 glomeruli from each rat.^[@b26]^

EPC Culture and Characterization
--------------------------------

Peripheral blood from Wistar rats and normal human umbilical cord blood were used as a source of EPCs. Approval for the use of normal human cord blood was obtained by Medical University of South Carolina Human Research (Pro00017277). EPCs were isolated by density gradient centrifugation using Histopaque‐1977 (Sigma, St. Louis, MO) and cultured in EBM‐2 with supplements (EGM2‐MV BulletKit; Clonetics, San Diego, CA), but without hydrocortisone, on human fibronectin‐coated dishes. Colony‐forming units were observed after subsequent outgrowth. Attached cells were obtained after 4 to 7 days of culture and utilized for the in vitro studies. After 3 days, nonadherent cells were removed, and adherent cells were incubated for another 24 hours before the experiments were performed. EPCs were characterized by dual staining for 1,1′‐dioctadecyl‐3,3′,3′‐tetramethylindocarbocyanine, or "Dil," and acetyl Dil‐labeled low‐density lipoprotein and lectin as well as by expression of CD31 (BD Biosciences) and von Willebrand factor (Sigma) by immunohistochemistry.

Purification of Recombinant Human Kallistatin
---------------------------------------------

Recombinant human kallistatin was secreted into the serum‐free medium of cultured HEK293T cells, and the cultured medium was concentrated by ammonium sulfate precipitation followed by nickel‐affinity chromatography, as previously described.^[@b32]--[@b33]^ The purity of kallistatin was verified by Coomassie blue staining and Western blot using a specific monoclonal antibody.^[@b19],[@b33]^

Detection of EPC Apoptosis
--------------------------

Growth‐arrested EPCs were preincubated with kallistatin (0.2 mol/L) for 30 minutes. EPCs were then treated with tumor necrosis factor‐α (TNF‐α; 10 ng/mL) for an additional 12 hours. To determine the role of the phosphoinositide 3‐kinase (PI3K)‐Akt‐eNOS prosurvival pathway, inhibitors against PI3K (LY294002 \[LY\], 5 mol/L) and NOS (l‐NAME \[*N*^ω^‐nitro‐l‐arginine methyl ester\], 100 mol/L) were added 30 minutes before kallistatin treatment. EPCs were then incubated in the presence or absence of kallistatin (0.2 mol/L) for 30 minutes, followed by the addition of TNF‐α (10 ng/mL) for 12 hours. EPCs were incubated with Hoechst 33342 (0.4 mg/mL) for 5 minutes and examined under a fluorescence microscope to detect apoptotic nuclei. Caspase‐3 activity was measured by incubating cell extracts with caspase‐3 substrate (10 mol/L).^[@b34]^ The fluorescence of the cleaved substrate was measured by a spectrofluorometer with excitation and emission wavelengths of 380 and 460 nm, respectively.

EPC Proliferation and Migration
-------------------------------

Colorimetric assay for 5‐bromo‐2‐deoxyuridine was performed, as described previously.^[@b35]^ Briefly, EPCs were serum deprived, pretreated with LY (5 mol/L) or l‐NAME (100 mol/L) for 30 minutes and then cultured with kallistatin (1 mol/L) for 24 hours prior to the addition of 5‐bromo‐2‐deoxyuridine. A Cell Proliferation ELISA, BrdU (colorimetric) assay (Roche Applied Science, Indianapolis, IN) was performed 12 hours later. For EPC migration, transwell membranes (8 μm; Costar, Corning, NY) were coated on both sides with fibronectin (10 μg/mL) overnight at 4°C. EPCs were detached by trypsinization and resuspended in serum‐free medium (RPMI 1640 containing 0.05% BSA). Serum‐free medium (600 μL) was placed in the lower chambers, and EPCs (120 000) in 100 μL of serum‐free medium were incubated in the upper chamber at 37°C in 5% CO~2~ for 18 hours. Cells remaining on the upper surface of the filters were mechanically removed, and cells that had migrated to the lower surface were fixed with 4% formaldehyde and counted in 5 fields after staining with 0.1% crystal violet.

EPC Adhesion to Endothelial Cells or Gel Matrix and Tube Formation
------------------------------------------------------------------

EPCs in basal complete medium supplemented with 5% FBS were labeled with Dil (2.5 μg/mL) for 5 minutes at 37°C or 15 minutes at 4°C. Human umbilical vein endothelial cells were pretreated with TNF‐α (1 ng/mL) for 12 hours. Identical cell numbers (1 to 2×10^5^) of EPCs were placed onto culture dishes with and without kallistatin (0.2 mol/L) and were incubated for 3 hours at 37°C. Nonattached cells were gently removed with PBS, and adherent cells were fixed and counted in 10 random fields.^[@b5]^ Moreover, collagen mixture (100 μg/mL; Invitrogen, Grand Island, NY) or fibronectin (100 μg/mL) was coated onto 24‐well plates for 2 hours at 37°C. Wells were blocked with 1% BSA in PBS for 2 hours, and EPCs (1 to 2×10^5^) were added to each well to attach for 1 hour. Adherent cells were stained with 0.1% crystal violet and rinsed with 10% acetic acid to elute the stain from the cells. Attached cells were quantified by analyzing the optical density of the media at a wavelength of 600 nm with a microtiter plate reader.^[@b5]^ For tube formation, phenol‐red free and growth factor‐reduced basement Matrigel (BD Bioscience) was used to coat 24‐well culture plates, which were then incubated for 30 minutes at 37°C to allow solidification. Aliquots of Dil‐labeled EPCs (5×10^3^) were mixed with human umbilical vein endothelial cells (2×10^4^) and seeded onto the Matrigel‐coated plates in the presence or absence of kallistatin (0.2 μmol/L) for 24 hours. The percentages of Dil‐labeled EPCs that had integrated into tube formations were then determined from 5 random high‐power fields for each treatment group.^[@b5]^

Determination of PI3K‐Akt Signaling Pathways on EPC Proliferation and Function
------------------------------------------------------------------------------

To determine the role of the PI3K‐Akt‐eNOS and Akt--glycogen synthase kinase‐3β (GSK‐3β)--VEGF pathways in EPC proliferation, migration, adhesion, and tube formation, inhibitors against PI3K (LY, 5 mol/L) and NOS (l‐NAME, 100 mol/L) as well as VEGF antibody (10 ng/mL) were added concomitantly with kallistatin. Moreover, cells were transfected with eNOS--small interfering RNA (Dharmacon, Lafayette, CO) or transduced with adenovirus expressing constitutively active GSK‐3β (Ad.GSK‐S9A) overnight prior to assay commencement.

Western Blot Analyses, Gene Expression, and NO Level and NOS Activity Measurements
----------------------------------------------------------------------------------

Western blots of EPC lysates were performed using primary antibodies against phosphorylated and/or total Akt (Ser473), eNOS (Ser1177), GSK‐3β (Ser9) (Cell Signaling, Beverly, MA), and matrix metalloproteinase 2 (MMP‐2; Chemicon, Temecula, CA) overnight at 4°C. Nitrate/nitrite (NOx) production in EPCs was detected in culture medium after 24 hours of incubation with kallistatin (0.2 mol/L), as described previously.^[@b25]^ NOS activity was measured using a colorimetric Nitric Oxide Synthase Assay Kit (Calbiochem, La Jolla, CA). Immunostaining of eNOS was performed, as described previously.^[@b25]^ The expression of forkhead box O1 (FOXO1), Bim, eNOS, VEGF, and MMP‐2 was determined by real‐time polymerase chain reaction (Applied Biosystems, Foster City, CA), as described previously.^[@b25]--[@b27]^ Briefly, EPCs were seeded in 6‐well plates (1×10^5^ cells per well). After incubation overnight with EBM‐2 supplemented with 0.1% FBS, kallistatin (0.2 mol/L) was added to the medium, and mRNA was extracted 24 hours later. VEGF protein levels were measured by enzyme‐linked immunosorbent assay (R&D Systems, Minneapolis, MN), and MMP‐2 activity was determined by zymography. The effect of kallistatin on Bim expression induced by H~2~O~2~ in EPCs was determined, as described previously.^[@b26]^

Statistical Analysis
--------------------

Data were analyzed among the groups with the use of 1‐way ANOVA followed by Newman--Keuls multiple comparison test. Unpaired 2‐tailed Student *t* test was used to locate between‐group differences. Group data were expressed as mean±SEM. Values of all parameters were considered significantly different at a value of *P*\<0.05.

Results
=======

Depletion of Endogenous Kallistatin Augments Endothelial Loss and Reduces Circulating EPC Number in Hypertensive Rats
---------------------------------------------------------------------------------------------------------------------

Endothelial cells in the glomeruli of DOCA‐salt hypertensive rats were identified by immunohistochemical staining with JG‐12 antibody ([Figure 1](#fig01){ref-type="fig"}A). Representative images showed that DOCA‐salt rats receiving IgG injection had lower amounts of capillaries in glomeruli compared with the sham group; however, kallistatin depletion by injection with antirat kallistatin antibody further decreased glomerular capillary density. Quantitative analysis indicated that a 44% reduction of glomerular capillary density occurred in the DOCA/IgG group, and depletion of endogenous kallistatin caused a further 25% loss of endothelial cells ([Figure 1](#fig01){ref-type="fig"}B). These results indicate that endogenous kallistatin plays a protective role against vascular injury. Moreover, EPCs were isolated from peripheral blood of DOCA‐salt rats and identified by double staining with acetyl Dil‐labeled low‐density lipoprotein and lectin as well as by positive immunostaining for CD31 and von Willebrand factor ([Figure 1](#fig01){ref-type="fig"}C). Circulating EPC levels were slightly elevated in the DOCA/Ad.Null group compared with sham rats but with no statistical significance. Kallistatin gene delivery in DOCA‐salt rats markedly induced 6‐ and 4‐fold elevation of circulating EPC levels compared with the sham and DOCA/Ad.Null groups, respectively ([Figure 1](#fig01){ref-type="fig"}D). In contrast, depletion of endogenous kallistatin in DOCA‐salt rats further reduced EPC numbers by 75% and 94% compared with the sham and control DOCA/IgG groups, respectively ([Figure 1](#fig01){ref-type="fig"}D). These results indicate that endogenous kallistatin modulates both vascular repair and circulating EPC number in hypertensive rats.

![A and B, Representative images of JG‐12 immunostaining in kidney (A) and quantitative analysis of glomerular capillary density after KS antibody administration (B). C, Cultured EPCs are characterized by acDiLDL and lectin staining and by positive immunohistochemical staining for CD31 and vWF. D and E, KS gene delivery increases (D) and KS antibody injection decreases (E) circulating EPC number in DOCA‐salt rats. \**P*\<0.05 vs other groups. Data are expressed as mean±SEM, n=5. acDiLDL indicates acetyl 1,1′‐dioctadecyl‐3,3′,3′‐tetramethylindocarbocyanine--labeled low‐density lipoprotein; Ad.KS, adenovirus containing human KS; Ad.Null, control adenovirus; DOCA, deoxycorticosterone acetate; EPCs, endothelial progenitor cells; KS, kallistatin; vWF, von Willebrand factor.](jah3-3-e001194-g1){#fig01}

Kallistatin Inhibits TNF‐α‐induced Apoptosis in Cultured EPCs
-------------------------------------------------------------

Representative images of Hoechst staining showed that kallistatin dramatically inhibited TNF‐α--induced EPC apoptosis; however, PI3K inhibitor (LY) and NOS inhibitor (l‐NAME) blocked kallistatin\'s protective effect ([Figure 2](#fig02){ref-type="fig"}A). Kallistatin alone had no effect on EPC apoptosis. These findings were confirmed by quantitative analysis ([Figure 2](#fig02){ref-type="fig"}B). Caspase‐3 activity assay further supported these results (Control: 0.9±0.1; kallistatin: 0.9±0.1; TNF‐α: 2.6±0.2; TNF‐α+kallistatin: 1.1±0.2; TNF‐α+kallistatin/LY: 2.5±0.3; TNF‐α+kallistatin/l‐NAME: 2.6±0.3 pmol/min per mg protein, n=3, *P*\<0.05; [Figure 2](#fig02){ref-type="fig"}C). Moreover, kallistatin caused a 2.6‐fold increase in FOXO1 synthesis (n=3, *P*\<0.05; [Figure 2](#fig02){ref-type="fig"}D) but a 34% decrease of H~2~O~2~‐induced Bim expression (n=3, *P*\<0.05; [Figure 2](#fig02){ref-type="fig"}E). These data indicate that kallistatin protects against TNF‐α--induced EPC apoptosis via activation of the PI3K‐Akt‐NOS signaling pathway, leading to increased FOXO1 synthesis and reduced H~2~O~2~‐induced Bim expression.

![KS inhibits TNF‐α--induced apoptosis in EPCs via phosphoinositide 3‐kinase--Akt--nitric oxide synthase signaling. A, Representative images of apoptotic cells by Hoechst staining. Arrows indicate apoptotic cells. B and C, Apoptosis was verified by quantitative analysis (B) and caspase‐3 activity (C). D and E, KS increases FOXO1 expression (D) but inhibits H~2~O~2~‐induced Bim expression (E). \**P*\<0.05 vs control, KS, and TNF‐α/KS; \#*P*\<0.05 vs other groups. Data are expressed as mean±SEM, n=3. EPCs indicates endothelial progenitor cells; FOXO1, forkhead box O1; KS, kallistatin; LY, LY294002; TNF‐α, tumor necrosis factor‐α.](jah3-3-e001194-g2){#fig02}

Kallistatin Promotes EPC Proliferation, Migration, Adhesion, and Tube Formation Through PI3K‐Akt Signaling Pathways
-------------------------------------------------------------------------------------------------------------------

Kallistatin increased the proliferation of cultured EPCs, as determined by 5‐bromo‐2‐deoxyuridine incorporation, but the effect was blocked by LY and l‐NAME ([Figure 3](#fig03){ref-type="fig"}A). Using a modified Boyden chamber method followed by quantitative analysis, kallistatin significantly increased EPC migration; however, the effect was inhibited by LY and l‐NAME ([Figure 3](#fig03){ref-type="fig"}B), eNOS--small interfering RNA ([Figure 3](#fig03){ref-type="fig"}C), and constitutively active GSK‐3β ([Figure 3](#fig03){ref-type="fig"}D). Representative images and quantitative analysis indicated that kallistatin promoted a 2.3‐fold increase in EPC adhesion to endothelial cells (n=3, *P*\<0.05; [Figure 4](#fig04){ref-type="fig"}A and [4](#fig04){ref-type="fig"}B) and a 1.7‐fold increase in EPC adhesion to matrix gel (n=3, *P*\<0.05; [Figure 4](#fig04){ref-type="fig"}A through 4C). EPC adhesion was mediated by activation of the PI3K‐Akt‐eNOS signaling cascade, as LY and l‐NAME abolished kallistatin\'s actions ([Figure 4](#fig04){ref-type="fig"}A). Moreover, kallistatin stimulated the incorporation of EPCs into endothelial cell--composite tubular structures by 1.8‐fold (n=3, *P*\<0.05; [Figure 5](#fig05){ref-type="fig"}A and [5](#fig05){ref-type="fig"}B), as determined by fluorescence and light microscopy showing tube formation with the mixture of EPCs and endothelial cells. Again, LY and l‐NAME significantly inhibited kallistatin\'s effect. Furthermore, anti‐VEGF antibody and constitutively active GSK‐3β markedly blocked kallistatin‐induced tube formation ([Figure 5](#fig05){ref-type="fig"}C and [5](#fig05){ref-type="fig"}D). Consequently, kallistatin promotes EPC migration, adhesion, and tube formation by activating both PI3K‐Akt‐eNOS and Akt‐GSK‐3β‐VEGF signaling pathways.

![KS promotes EPC proliferation and migration via PI3K‐Akt signaling. A through D, KS increases EPC proliferation by BrdU incorporation (A) and migration using modified Boyden chambers (B through D). \**P*\<0.05 vs other groups. Data are expressed as mean±SEM, n=3. Ad.GSK‐S9A indicates adenovirus expressing constitutively active GSK‐3β; Ad.Null, control adenovirus; Brdu, 5‐bromo‐2‐deoxyuridine; eNOS, endothelial nitric oxide synthase; EPCs, endothelial progenitor cells; GSK, glycogen synthase kinase; KS, kallistatin; LY, LY294002; siRNA, small interfering RNA.](jah3-3-e001194-g3){#fig03}

![KS promotes EPC adhesion via phosphoinositide 3‐kinase--Akt--nitric oxide synthase signaling. A, Representative images of EPC adhesion to HUVECs (upper panel) and matrix (lower panel). B and C, Quantification of EPC adhesion. \**P*\<0.05 vs other groups. Data are expressed as mean±SEM, n=3. EPCs indicates endothelial progenitor cells; HUVECs, human umbilical vein endothelial cells; KS, kallistatin; LY, LY294002.](jah3-3-e001194-g4){#fig04}

![KS promotes EPC tube formation via phosphoinositide 3‐kinase--Akt--nitric oxide synthase signaling. A, Representative images of EPCs incorporating into human umbilical vein endothelial cells, as determined by fluorescent (upper panel) and light (lower panel) microscopy. B through D, Quantification of tube formation. \**P*\<0.01 vs other groups. Data are expressed as mean±SEM, n=3. Ad.GSK‐S9A indicates adenovirus expressing constitutively active GSK‐3β; Ad.Null, control adenovirus; EPCs, endothelial progenitor cells; KS, kallistatin; LY, LY294002; VEGF, vascular endothelial growth factor.](jah3-3-e001194-g5){#fig05}

Kallistatin Increases Akt and eNOS Phosphorylation, eNOS Activity and Expression, and NO Production
---------------------------------------------------------------------------------------------------

In cultured EPCs, kallistatin increased the phosphorylation of Akt and eNOS, as determined by Western blot ([Figure 6](#fig06){ref-type="fig"}A). In addition, kallistatin stimulated NOS activity by 1.3‐fold (n=3, *P*\<0.05) and expression and NOx levels by 1.7‐fold (n=3, *P*\<0.05) in culture medium ([Figure 6](#fig06){ref-type="fig"}B through [6](#fig06){ref-type="fig"}E). Both eNOS phosphorylation and NO secretion were significantly inhibited by LY, indicating that kallistatin‐induced eNOS activity and NO production are mediated by PI3K‐Akt signaling.

![KS activates the phosphoinositide 3‐kinase--Akt--nitric oxide synthase pathway in EPCs. A, Western blots of phosphorylated and total Akt and eNOS. B and C, eNOS expression was determined by immunocytochemistry (B) and real‐time polymerase chain reaction (C). D and E, NOS activity (D) and NOx levels (E). \**P*\<0.01 vs other groups. Data are expressed as mean±SEM, n=3. EPCs indicates endothelial progenitor cells; eNOS, endothelial nitric oxide synthase; KS, kallistatin; LY, LY294002; NOS, nitric oxide synthase; NOx, nitrate/nitrite.](jah3-3-e001194-g6){#fig06}

Kallistatin Increases GSK‐3β Phosphorylation and VEGF and MMP‐2 Synthesis via PI3K‐Akt Signaling Pathways
---------------------------------------------------------------------------------------------------------

Kallistatin increased GSK‐3β phosphorylation through a PI3K‐Akt signaling event in cultured EPCs as LY blocked kallistatin\'s effect ([Figure 7](#fig07){ref-type="fig"}A). Kallistatin also promoted VEGF secretion into culture medium ([Figure 7](#fig07){ref-type="fig"}B) and increased VEGF mRNA levels by 2.6‐fold (n=3, *P*\<0.05; [Figure 7](#fig07){ref-type="fig"}C). Likewise, kallistatin upregulated MMP‐2 protein levels and activity ([Figure 7](#fig07){ref-type="fig"}D) and elevated mRNA levels by 1.7‐fold (n=3, *P*\<0.05; [Figure 7](#fig07){ref-type="fig"}E). Kallistatin\'s effect on VEGF and MMP‐2 mRNA levels was abolished by LY, l‐NAME, or anti‐VEGF antibody ([Figure 7](#fig07){ref-type="fig"}C and [7](#fig07){ref-type="fig"}E). These results indicate that kallistatin triggers the activation of PI3K‐Akt--mediated eNOS‐NO and GSK‐3β--VEGF--MMP‐2 signaling pathways in EPCs.

![KS increases GSK‐3β phosphorylation as well as VEGF and MMP‐2 levels via phosphoinositide 3‐kinase--Akt pathways in EPCs. A, Western blot of phosphorylated and total GSK‐3β. B and C, Protein (B) and mRNA (C) levels of VEGF. D and E, Zymography and Western blot (D) and mRNA (E) levels of MMP‐2. \**P*\<0.01 vs other groups. Data are expressed as mean±SEM, n=3. EPCs indicates endothelial progenitor cells; GSK‐3β, glycogen synthase kinase‐3β; KS, kallistatin; LY, LY294002; MMP‐2, matrix metalloproteinase‐2; VEGF, vascular endothelial growth factor.](jah3-3-e001194-g7){#fig07}

Discussion
==========

This study demonstrates that endogenous kallistatin plays a novel role in protection against vascular injury by increasing circulating EPC levels and promoting the viability, mobility, and function of cultured EPCs. We found that kallistatin depletion decreased circulating EPC levels in DOCA‐salt hypertensive rats, whereas kallistatin gene delivery increased EPC levels. Our previous report showed that kallistatin gene transfer attenuated capillary rarefaction in this animal model.^[@b26]^ Conversely, we further showed in this study that kallistatin antibody injection augmented glomerular capillary loss. Our in vitro studies demonstrated that recombinant kallistatin reduced TNF‐α--induced apoptosis of cultured EPCs, indicating that kallistatin\'s antiapoptotic actions may be partly responsible for the prevention of glomerular endothelial cell loss. Kallistatin administration also increased the proliferative, migratory, adhesive, and tube‐forming abilities of EPCs by activation of Akt‐eNOS and Akt--GSK‐3β--VEGF signaling pathways. Thus, kallistatin is unique in preventing endothelial injury because it exhibits pleiotropic effects on EPCs by antagonizing TNF‐α--induced apoptosis and directly stimulating the migration and vasculogenic capacity of EPCs by PI3K‐Akt--dependent signaling cascades ([Figure 8](#fig08){ref-type="fig"}). EPCs derived from rats and humans displayed similar effects on survival, migration, and functional activity in response to human kallistatin treatment. Consequently, our results strongly implicate human kallistatin as a promising new approach for enhancing endothelial repair in vascular diseases.

![Proposed signaling pathways mediated by KS in promoting EPC viability, migration, adhesion, and tube formation. Ab indicates antibody; eNOS, endothelial nitric oxide synthase; EPCs, endothelial progenitor cells; FOXO1, forkhead box O1; GSK‐3β, glycogen synthase kinase‐3β; LY, LY294002; MMP‐2, matrix metalloproteinase‐2; NO, nitric oxide; PI3K, phosphoinositide 3‐kinase; ROS, reactive oxygen species; TNF‐α, tumor necrosis factor‐α; TNFR, tumor necrosis factor receptor; VEGF, vascular endothelial growth factor.](jah3-3-e001194-g8){#fig08}

EPCs are a continuous endogenous source of replenishment for damaged vessels and thus serve to maintain vascular integrity in response to endothelial injury.^[@b36]--[@b37]^ Circulating EPC levels, however, are inversely associated with organ dysfunction in patients with hypertension and coronary artery disease, highlighting the role of EPCs in the pathogenesis of cardiovascular diseases.^[@b1]--[@b3],[@b38]^ Reduction of the number and function of EPCs limits the capacity for vascular repair. Several factors responsible for suppressed EPC production and number include oxidative stress, apoptosis, senescence, and inflammation.^[@b1],[@b39]^ Our previous studies demonstrated that kallistatin exerts multiple protective effects against dysfunction of the cardiovascular and renal systems by inhibiting oxidative stress, inflammation, and apoptosis and elevating NO levels in experimental animal models and cultured cells.^[@b22]--[@b27]^ The PI3K‐Akt‐eNOS signaling pathway has been shown to be essential for EPC survival.^[@b11]^ Kallistatin was found to increase NO levels by stimulating Akt and eNOS phosphorylation in endothelial cells^[@b26]^ and, as shown in the current study, in EPCs. We showed that kallistatin promoted EPC proliferation and abolished TNF‐α--induced apoptosis and caspase activity, but these effects were blocked by PI3K and NOS inhibitors, indicating that activation of the PI3K‐Akt‐eNOS pathway by kallistatin is fundamental to its protective actions in EPC survival. Kallistatin\'s effect on apoptosis occurred in conjunction with increased FOXO1 synthesis and reduced Bim expression in EPCs, consistent with our findings in endothelial cells.^[@b26]^ Thus, stimulation of the PI3K‐Akt‐eNOS signaling cascade by kallistatin may account, in part, for the increase in circulating EPC number in DOCA‐salt hypertensive rats after kallistatin gene delivery.

The prevention of glomerular capillary loss by kallistatin observed in our previous study^[@b26]^ may be attributed not only to kallistatin\'s antiapoptotic actions but also to its antioxidant activity in the vasculature. Oxidative stress is a major mediator of vascular injury in cardiovascular pathologies.^[@b39]--[@b40]^ We have shown that kallistatin is a significant contributor to vascular homeostasis through its antioxidant actions. Kallistatin gene transfer reduced aortic oxidative stress, whereas kallistatin antibody injection increased it.^[@b26],[@b29]^ Moreover, kallistatin levels in plasma are significantly lower in hypertensive animal models^[@b41]^ and in normotensive rats with oxidative end‐organ damage (Julie Chao, PhD, unpublished data, 2010). Oxidative stress decreases kallistatin expression in cultured endothelial cells,^[@b41]^ leading to insufficient kallistatin levels to maintain healthy vascular homeostasis. Exogenous kallistatin administration, however, prevents organ damage in the heart and kidney by inhibiting apoptosis and oxidative stress and increasing NO bioavailability in several animal models.^[@b19],[@b23]--[@b26]^ Furthermore, the current study showed that kallistatin enhanced EPC viability, migration. and functional activity by a PI3K‐Akt‐eNOS--mediated signaling event. These combined findings indicate that kallistatin via NO formation may exert antioxidant actions and contribute to EPC viability, thereby promoting vascular repair and preventing endothelial injury.

Re‐endothelialization is accelerated by the mobilization and function of EPCs through Akt‐dependent eNOS activation and VEGF expression.^[@b10]--[@b11],[@b42]--[@b46]^ VEGF contributes to neovascularization by augmenting EPC migratory activity, proliferation, and incorporation into endothelial cells.^[@b14],[@b47]^ In this study, we clearly showed that kallistatin promotes EPC migration, adhesion and tube formation by activation of the PI3K‐Akt‐eNOS signaling pathway because PI3K and NOS inhibitors blocked kallistatin\'s effects. Stimulation of EPC migration and tube formation by kallistatin also involved the Akt--GSK‐3β--VEGF cascade because constitutively active GSK‐3β and anti‐VEGF antibody suppressed the actions of kallistatin. Since VEGF promotes tube formation of EPCs by stimulating MMP‐2 activation,^[@b48]^ it is likely that MMP‐2 plays a role in mediating kallistatin\'s effect on EPC tube formation. Our results indicate that kallistatin activated Akt--GSK‐3β signaling and increased VEGF and MMP‐2 levels in cultured EPCs. Activation of PI3K‐Akt signaling cascades by VEGF may also account for the increase in EPC migration and tube formation.

EPCs provide a promising approach for endothelial repair by directly contributing to neovascularization and indirectly promoting the function of local endothelial cells in angiogenesis by secretion of angiogenic factors. We showed that EPCs, from either a rat or human source, play an important role in vascular repair by directly contributing to vasculogenesis. Evidently, kallistatin appears to have a dual role in angiogenic signaling. We previously reported that kallistatin inhibits tumor growth and angiogenesis in animal models and in cultured endothelial cells,^[@b49]--[@b50]^ and this contrasts with our current findings. In the present study, however, we found that kallistatin exerts proangiogenic activity to promote vascular regeneration by enhancing EPC migration, survival, and neovascularization. Glomerular capillary loss was attenuated by kallistatin administration but was augmented by kallistatin depletion.^[@b26],[@b29]^ Furthermore, we clearly showed that kallistatin directly promoted EPC migration, adhesion, and tube formation through activation of the PI3K‐Akt‐NOS signaling pathway. These combined findings indicate that kallistatin modulates endothelial function by either promoting vascular regeneration or inhibiting angiogenesis, depending on the physiological and pathological conditions.

Kallistatin was first identified in human plasma as a tissue kallikrein‐binding protein^[@b15]--[@b17]^; however, numerous studies have shown that kallistatin exerts multiple biological functions unrelated to the tissue kallikrein‐kinin system, such as vasodilation and protection against cardiovascular and renal injury.^[@b23]--[@b24],[@b26],[@b51]^ In the current study, we demonstrated that kallistatin reduces vascular injury by enhancing EPC mobility and functional capacity. Likewise, tissue kallikrein‐kinin and kinin B2 receptor signaling have also been observed to promote cardiac neovascularization by enhancing EPC migration and function.^[@b52]--[@b55]^ Consequently, kallistatin has a unique protective role in endothelial injury, independent of its interaction with tissue kallikrein.
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